Abstract. Biomimetic mineralization was performed on a large scale by a rapid and efficient approach. Chitosan scaffolds were placed in a mixed solution of urea, ethanol and distilled water, followed by the introduction of dibasic sodium phosphate (0.1M) and calcium chloride (0.1M) with the molar ratio of 1.67. These mixed solvents was then adjusted to weakly alkaline by adding sodium hydroxide solution. Finally the reaction mixture was sealed and kept at 80ºC for predetermined time. The composition and morphology of the apatite and the hybrid scaffolds were investigated by X-ray diffraction (XRD), transmission electron microscopy (TEM), Fourier Transform Infrared spectroscopy (FTIR) and environmental scanning electron microscopy (ESEM). The mechanism of nucleation and growth of crystals was discussed as well. The results revealed that chitosan scaffolds improved the crystallinity of hydroxyapatite (HAP) crystals. With the extension of mineralization time, the mineral layers on the outer surface and inner section of chitosan scaffolds increased as well. Furthermore, the compressive strength and modulus of the HAP-chitosan scaffolds biocomposites increased to 0.55±0.003 and 29.29±1.25 MPa respectively. Such one-pot approach may be extended to the mineralization of other materials and will have a broad application in the future.
Introduction
Bone is considered as a nanocomposite of minerals and proteins. Recently nano-sized hydroxyapatite (HAP) and its composites with polymers have been investigated with fascination and demonstrated a good impact on cell-biomaterial interaction [1, 2] . However, the migration of the nano HAP particles from the implanted site into surrounding tissues might cause damage to healthy tissues. Current advances in molecular biomimetics suggest that a biomineral-inspired approach may be of value in new classes of biomaterials [3, 4] . This approach is based primarily on the idea of macromolecules as templates to control inorganic crystal formation, and seeks to reproduce the nanoscopic and hierarchical structures of natural bone through biological principles and the processes of self-assembly or self-organization [5] . Biomimetic mineralization is a powerful approach for the synthesis of advanced scaffold materials with complex shapes, hierarchical organization and controlled size, shape and polymorphism under ambient conditions in aqueous environments. Chitosan is partially deacetylated chitin, which is found in nature as a major organic component in several biocomposites, and has a crucial role in the hierarchical control of the biomineralization process. Furthermore, chitosan is one of the most important candidates for bone tissue engineering scaffolds, and possesses better mechanical properties than other natural polymers [6, 7] . Therefore, in this study polysaccharide chitosan scaffolds were selected as 545 Rapid biomimetic mineralization of chitosan scaffolds with a precursor sacrificed method in ethanol/water mixed solution the porous matrix for mineralization, which control the nucleation, deposition and growth of the nanometer scaled HAP. It will be always very difficult to mimic exactly the calcification process that occurs in bone. This is further complicated by the fact that all mineralization processes are ultimately controlled by the cells directly associated to the tissue formation [8] . In literatures, nanometer scaled HAP powders and coatings can be synthesized using a number of strategies including sol-gel processing [9] , co-precipitation [10, 11] , emulsion techniques [12] , batch hydrothermal processes [13] [14] [15] [16] [17] , mechano-chemical methods [18] and chemical vapor deposition [19] . However, bio-compatible and environment-friendly pathway to synthesize biocomposites of HAP-biomolecule is also being explored. In this study, authors tried to prepare nanoscopic composite materials with a fast, facile and efficient way in large quantities. An ethanol-water solvent was used to control the formation, morphology and phase transition of HAP under 80ºC. Urea was utilized as a buffer reagent to balance pH value of the system, which decomposes into carbonate ion and ammonia in aqueous solution. Such one-pot approach was easily manipulated and repeated. Furthermore, large quantity of nano HAP and mineralized scaffolds could be obtained spontaneously. The main aim of our study is not only to emulate a particular biological architecture or system, but to abstract the guiding principles and use such ideas for a broad application. Therefore, this rapid synthesis approach could also be extended to design other mineralized materials and devices.
Experimental section 2.1. Materials
Chitosan (MW 150,000, viscosity 200 mPas, 85% deacetylation) was obtained from Fluka Biochemical Ltd (Sigma-Aldrich Chemie GmbH, Buchs, Switzerland) and was purified before use. Hydroxyapatite (HAP, thermal spraying powder) were purchased from Plasma Biotal Limited (Buxton, UK), used as a control. Other chemicals in this study were: acetic acid, ethanol and calcium chloride from Merck GmbH (Darmstadt, Germany); sodium hydroxide from Fluka Biochemical Ltd; urea from Sigma/ Aldrich Inc (Sigma-Aldrich Chemie GmbH, Buchs, Switzerland). All the chemicals were analytical reagent grade.
Preparation of chitosan scaffolds
Chitosan flakes were dissolved in 1 wt% acetic acid solution at room temperature to obtain 1.5 wt% homogeneous solution. The solution was filtered to remove air bubbles trapped in the viscous solution. Afterwards chitosan solution was cast into a polystyrene Petri dish and frozen at -80ºC for 2 h, and then freeze-dried overnight. The chitosan scaffolds (named as CS scaffolds) were washed with sodium hydroxyl/ethanol solution and 85 wt% ethanol to remove acetic acid, and then underwent a second freeze-drying.
Mineralization of CS scaffolds
CS scaffolds were placed in a wide-mouth bottle containing 0.3 g urea and 20 ml mixed solvents of ethanol and distilled water (3:1, v/v). Afterwards, a certain amount of dibasic sodium phosphate (0.1M) and calcium chloride (0.1M) with the molar ratio of 1.67 were introduced under magnetic stirring. This mixture was adjusted to become weakly alkaline by adding sodium hydroxide solution. Finally, the bottle was closed tightly and kept in the oven at 80ºC for 24 and 48 hours respectively. (The scaffolds were named as BCS-24h and BCS-48h respectively). After mineralization process, the scaffolds were washed with 85% ethanol thoroughly and were freeze-dried. The precipitation in suspension was centrifuged and washed with distilled water and dried at 60ºC for further study (named as apatite-24 h and apatite-48 h respectively).
Characterization of the scaffolds
The crystal structure of BCS scaffolds and the apatite formed in suspension were determined with a powder X-ray diffractometer (D8 X-ray diffractometer) employing the Cu-K ! line. Data were collected from 10 to 60° (2! values), with a step size of 0.02°, and a counting time of 1 s per step. The composition of the BCS scaffolds was measured by a Fourier Transform Infrared spectrometer (FT-IR, FTS 6000 Spectrometer, Bio-RAD). Transmission electron microscopy (TEM) was used to evaluate the crystals formed in the solution and on the chitosan matrix which were achieved by ultrasonic dispersion. An environmental scanning electron microscope (ESEM, Quanta 600 FEG, FE-ESEM, FEI Europe) was employed to detect the surface topography and microstructure of the scaffolds. To ana-lyze the mechanical property improvement of these scaffolds, the compression test was performed at room temperature using a Zwick universal testing machine (Zwick Z010, Zwick GmbH, Germany, software Testexpert V10.11). Three cubic scaffolds (dry state) were tested for each sample. Tests were conducted with a constant strain rate of 2 mm·min "1 , either up to failure or until 70% reduction in specimen height. The compressive modulus (E) was determined by linear regression from the slopes in the initial elastic portion of the stress-strain diagram.
Results and discussion 1. Determination of crystalline component
with XRD Figure 1 shows the XRD patterns of the BCS scaffolds and the apatite in the suspension. The Bragg peaks observed approximately at 26, 28, 29, 30-35, 39, 46, 49, and 50º (2!) correspond to the pure phase HAP [20] , as the bar graph shows in the bottom of Figure 1 . Figure 1a demonstrates that the apatite formed in the suspension was HAP but with poor crystallinity. However apatite on BCS-24h presents the characteristic peaks of HAP and dicalcium phosphate phase (DCP, marked as solid dots in Figure 1b) . The non-uniformity of reaction microenvironments in bulk solution and around chitosan scaffolds surface may be responsible for this difference. Generally, the DCP is not stable in alkaline solution at chemistry laboratory [21] . HAP phase always coexisted with other calcium phosphates even in natural bone, such as DCP, TCP (tricalcium phosphate), OCP (octacalcium phosphate), amorphous phases, etc [22, 23] . After 48 h, the XRD peaks of DCP phase disappears in the chitosan composites and all sharp peaks can be indexed as pure phase of HAP with high crystallinity (Figure 1d ). And the XRD pattern of apatite-48 h (Figure 1c ) has no typical differences from that of apatite-24 h, wherein the broad peaks may be attributed to the small particle size and crystal lattice strains.
Determination of phase composition with
FT-IR The spectra of native chitosan (see Figure 2a) exhibited the characteristic bands at 1648 cm -1 (amide I), 1590 cm -1 (amide II) and 1375 cm -1 (amide III). Wave number 1026 cm -1 was the primary amino groups (-NH 2 ) at C 2 position of glucosamine. Stretching of primary alcoholic groups (-CH 2 OH) was at 1056 cm -1 . The FT-IR spectra of mineralized CS scaffolds (Figure2b and c) showed a strong band at near 1020 cm -1 which means that the absorption of -NH 2 and PO 4 3-were aligned. Furthermore it could be detected that the three characteristic signals of HAP (1089, 1018 and 961 cm -1 ) were more intensive in BCS-48h than in BCS-24h. Figure 2d is the spectra of commercial HAP, where the three peaks were assigned as stretching vibrations of PO 4 3-ions. Figure 3a ) is the image of white and soft CS scaffold, which possessed thin, smooth and porous walls. ESEM image of apatite-48 (Figure 3b) showed that the nanorods are uniform and the diameter is about 100 nm. However the apatite deposited on the chitosan scaffolds was different from that suspended in solution. From the previous reports, HAP tends to form one dimensional nanowires or sea-urchin aggre- gates consisting of nanorods or nanowires in aqueous solution [24] [25] [26] . Here, the interesting point is the different morphologies of HAP formed in solution and on chitosan scaffolds walls. Figure 3c presents one ESEM image of the apatite deposited on the scaffolds for 24 hours (BCS-24h), which shows loose mineral layer of sea-urchin structure with different sizes. From flat areas to the pores of the matrix, the apatite aggregates become bigger. In the pores of the scaffolds, the aggregates are more than ten times larger than that on the other areas. The HAP mineral layer becomes thicker and tighter on the BCS-48h scaffolds, as shown in Figure 3d . Similar to what happened on BCS-24h scaffolds, large amount of sea-urchin aggregates with bigger sizes in the pores, and the smaller size of the aggregates in flat areas are also visible. More details of HAP aggregates with larger size in the pores were present in Figure 3e . It demonstrates that the diameter of the sea-urchin HAP aggregates are more than 20 µm, which consist of uniform thin nanowires with a length of more than 10 µm and a diameter of less than 150 nm. And these sea-urchin like HAP structures aggregated together to form a network in the pores of the scaffolds. Small sea-urchin aggregates (diameter ca. 2 #m) made a thick deposit on the flat areas (BCS-48h, Figure 3f ). Here, it is worth to note that the size of the aggregates in pores is ten times of that on the flat areas by checking most areas on the matrix during the ESEM measurement.
Morphology of the scaffolds
To check the mineralization inside the scaffolds, cryo-fractured cross sections were observed with ESEM as well. Both scaffolds (BCS-24h, 48h) showed plenty of apatite aggregation on the matrix walls (see Figure 4a and 4c). From Figure 4b , nanosized apatite particles and some spheres adhere on the inside walls of BCS-24h. After 48 hours mineralization, HAP nanopaticles grew bigger and continuously to form a dense film covering on the BCS48h scaffolds (Figure 4d) . Moreover, the amount of micron size spheres increased and joined together. It is obvious that the HAP film became denser and thicker when the chitosan scaffolds were mineralized for 48 hours. Hence, the mineralization of HAP on the chitosan scaffolds is successful, which the dense mineral layer attached on the outside and inside surfaces of the scaffolds.
TEM micrographs
Transmission electron microscope (TEM) images of the apatite-48 h (Figure 5a ) revealed well defined crystalline tapes of ca. 80$15 nm (aspect ratio ca. 5.5). The HAP nanorods are monodisperse and uniform in size, although there is some random aggregation of HAP nanorods. The HAP on BCS-48h scaffolds was collected with ultrasonic vibration. The TEM image demonstrates that the HAP crystals are much larger in size and aggregate into sea-urchin structure (Figure 5b ). This observation is accordance with the SEM images.
Mechanical properties
In nature, bone strength depends on bone matrix volume, micro architecture, and also on the degree of mineralization. The more cancellous tissue is mineralized, the higher stiffness it is [27] . In this study we achieved similar results. The original chitosan sponges were very soft, with compressive strength of 0.09±0.012 MPa. After mineralization, the compression strength of CS scaffolds got a dramatic increase, rising to 0.54±0.005 and 0.55±0.003 MPa respectively. This increase in compression strength can be attributed to the mineralized mineral layer on the chitosan, and thicker mineral layer leads to the higher compression strength of the scaffolds (0.55 MPa, BCS-48h). [31, 32] or initial soft callus which has modulus closer to 1 MPa. Therefore these materials can be suggested to be used as substitute for cartilage, non-load-bearing bone or initial fracture healing callus substitute, which can remodel and develop into bone tissue.
Mechanism of mineralization
One of the fundamental aspects controlling the final habit of a growing crystal is the balance between kinetic and thermodynamic control, which plays a key role in crystal growth, determines the final crystal habit, phase, shape, and structure [33, 34] . The precipitation of calcium phosphate from aqueous solution is somewhat complicated due to the possible occurrence of several different calcium phosphates with or without hydrogen/hydroxide group, depending on the solution composition and the pH value [35] [36] [37] . These phosphates salts include dicalcium phosphate (DCP), dicalcium phosphate dehydrate (DCPD), tricalcium phosphate (TCP), octacalcium phosphate (OCP), HAP, amorphous calcium phosphate (ACP), and so on [38, 39] . However, HAP phase is more stable than other salts stated above in alkaline aqueous. Hence, some people report that these phosphate salts were used as precursor for preparation of HAP or were observed as transitory by-products in their experiments [21, 40] . In this work, DCP were characterized at the early stage of reaction, which can be regarded as transition phase or precursor. At 80°C, urea decomposed into CO 2 and NH 3 , then dissolved in aqueous solution and hydrolyzed to HCO 3 -or CO 3 2-and NH 4 + in solution. These ions kept the solution weakly alkaline for the slow hydrolysis of DCP and crystallization of HAP. The mechanics of the mineralization in this study was analyzed as following.
Crystallization in bulk solution and on chitosan surface
The spatially periodic functional groups -NH 3 + on the surface of the CS substrate interacted with the phosphate anions when the dibasic sodium phosphate solution was introduced into the wide mouth bottle containing urea mixed solvents and CS. Here, it should be noted that one part of the phosphate anions would be stabilized by the -NH 3 + group of CS and the other part of free phosphate anions would stay in bulk solution, as shown in the scheme (Figure 6a and 6b) . Then DCP phase formed on CS surface or in bulk solution when the calcium chloride solution was introduced into the bottle by the reaction between the hydrogen phosphate and calcium (Figure 6c) . However, the salt was not stable in alkaline solution and especially at 80°C. Then, the hydrolysis was carried on for the formation of the thermodynamic stable HAP phase (Figure 6d ) [41] . During the hydrolysis of DCP phase for formation of HAP phase, the free cations and anions in bulk solution crystallized homogenously to form uniform HAP nanorods (Figure3b and 5a) . Considering the strong binding between the phosphate ions and CS, it is reasonable to assume that hydrolysis of the DCP on the CS would slow down. With the comparison of XRD patterns of BCS-24h and apatite-24h (Figure 1a and b) , it is found that DCP phase is still resident on the CS surface after even 24 hours reaction (Figure 1b) , while all of powders suspended in bulk solution were characterized as pure phase of HAP ( Figure 1a ). In one previous paper for elucidate the residue of DCP phase, the author found that the formation of HAP and the hydrolysis of DCP were competitive [41] . But, in this work, this viewpoint can not be interpreted completely why DCP phase was only resident on the CS surface and no DCP phase mixed in powders outside of the scaffolds. Hence, this phenomenon proved laterally that the DCP crystallized at the interface of phosphate-chitosan, and the interface can stabilize the meta-stable DCP phase for a long time. Moreover, the stabilization of DCP precursor changed kinetic factors of crystallization of HAP to some extent, leading to the different morphology on the CS surface.
Mechanism of chitosan-HAP bio-composite film
The strong binding of phosphate anions with the positive charge on the chitosan (a linear polysaccharide) will induce a high supersaturation degree near to the chitosan. And this binding was functioned for nucleating DCP firstly (Figure 6c ) and then HAP secondly (Figure 6d ) by hydrolysis of DCP. As stated above, the -NH 3 + group is periodically arranged in the CS. The nucleuses of HAP were bound by the -NH 3 + group protruding on the CS and covered the scaffolds surface in the process of DCP hydrolysis. The covering of HAP nucleuses on the scaffolds should be responsible for the formation of HAP film and the HAP-biocomposites. Moreover, it was reported that CS bound preferentially to the (100) face of the HAP crystal [42] . So, the HAP nuclei then grew out of CS surface along the c-axis by the Oswald-ripening mechanism [43] . With the time extension, HAP nano crystals grew bigger, and the mineral film become denser and thicker by the hydrolysis of DCP residue, which can be observed from Figure 3c -d. The similar process also happened in the inside surface of CS. Crystals on the cross section of CS (Figure 4b, 4d) were much smaller than that on the outer surface (Figure3c-f), because the outer surface was surrounded by bulk reaction solution and inside surface of scaffolds not. For the inside surface of CS, the nuclei of HAP were also bound by the positive charge, and then grew bigger by hydrolysis of DCP. But the concentration of cations and anions inside of CS were lower than that in bulk solution, so the HAP crystal was smaller. But, the mineral layer became thicker and denser when the reaction time elongated to 2 days (Figure 4) . In a word, the HAP layer covered both outside and inside the surface of CS. It is found that the chitosan improved the crystalline quality of HAP phase which grew on CS (Figure 1c-d) , although the exact reason is not clear now.
Mechanical properties of the biocomposites
The mineral layer deposited on the CS scaffolds greatly improved the mechanical properties. In biomineralized tissues such as bone, the recurring structural motif at the supramolecular level is an anisotropic stiff inorganic component reinforcing the soft organic matrix. There would be two aspects to improve the mechanical properties of the composite. The stiff nano HAP crystals covered on the surface of CS film and filled in the micropores of the CS scaffolds, which increased the hardness of the chitosan matrix. At the same time, thick mineral layer limited the conformation of the CS during compression, redistributed effectively the strain energy within materials and improve the toughness [44] . With the elongation of mineralization time, the mineral layer became thicker (Figure 4) , therefore composites became stiffer and tougher, resulting in higher compression strength and modulus.
Conclusions
In a summary, biomimetic mineralization of CS scaffolds was performed successfully in a rapid and efficient approach. HAP crystals formed in scaffolds possessed higher crystallinity than that in solution. HAP mineral layer densely covered CS both outside and inside surfaces. Moreover, the mineralized HAP layer increased the mechanical properties of HAP-CS bio-composites. A mechanism was proposed to elucidate the formation, and the effects of CS on the nucleation of HAP were analyzed not only from the viewpoint of nucleation kinetics but also from the viewpoint of a molecular level. We can foresee that the one-pot process to form large quantities of mineralized materials and nano HAP. Further work is underway to study the properties of the 3D porous hybrid materials.
